Nanofluids ex hib its larger ther mal con duc tiv ity due to the pres ence of sus pended nanosized solid par ti cles in them such as
In tro duc tion
Heat trans fer flu ids such as wa ter and eth yl ene gly col play an im por tant role in many in dus trial sec tors in clud ing power gen er a tion, chem i cal pro duc tion, air-con di tion ing, transpor ta tion and mi cro-elec tron ics. Nanotechnology has been widely used in tra di tional in dus try be cause ma te ri als with grain size of nanometers pos ses unique op ti cal, elec tri cal and chem i cal prop er ties, but the per for mance of these convectional heat trans fer flu ids is lim ited due to their low ther mal con duc tiv i ties. A re cent de vel op ment is that nanoparticles can be dis persed in con ven tional heat trans fer flu ids such as wa ter, gly col, or oil to pro duce a new class of high effi ciency heat ex change me dia [1] [2] . The su pe rior prop er ties of nanoparticle fluid mix tures rela tive to those of flu ids with out par ti cle or with large size par ti cle in clude high ther mal con ductiv i ties, sta bil ity and pre ven tion of clog ging in mi cro chan nels. Choi et. al. [1] at the Argonne Na tional Lab o ra tory pro posed to con struct a new class of en gi neered flu ids with su pe rior heat trans fer ca pa bil i ties. Wang et. al. [3] re ported en hanced ther mal con duc tiv ity for alu mina and cu pric ox ide with a va ri ety of base flu ids in clud ing wa ter and eth yl ene gly col. With alu mina par ti cles they ob served a max i mum of 12% in crease in the con duc tiv ity with a vol ume fraction of 3%. The vis cos ity on the other hand showed an in crease of 20-30% for the same vol -ume frac tion. East man et. al. [4] showed that 10 nm cop per par ti cles in eth yl ene gly col could en hance the con duc tiv ity by 40% with very small par ti cle load ing frac tion. With cu pric ox ide (35 nm) the en hance ment was 20% for a vol ume frac tion of 4%. These re sults clearly show the ef fect of par ti cle size on the con duc tiv ity en hance ment. Das et. al. [5] mea sured the con ductiv i ties of alu mina and cu pric ox ide at dif fer ent tem per a tures rang ing from 20 °C to 50 °C and found lin ear in crease in the con duc tiv ity ra tio with tem per a ture. How ever for the same loading frac tion the ra tio of in crease was higher for cu pric ox ide than alu mina. Kim et. al. [6] conducted ex per i ments on sev eral ox ide nanoparticles over a wide range of ex per i men tal con ditions. They also dem on strated that high-power la ser ir ra di a tion can re sult in sig nif i cant in crease in the ef fec tive ther mal con duc tiv ity even at small vol ume frac tions. Xuan and Li [7] stud ied con vec tive heat trans fer of Cu nanoparticle in deionized wa ter and showed re markable en hance ment in heat trans fer with smaller vol ume frac tion of Cu par ti cles. Pak and Cho [8] stud ied heat trans fer per for mance of Al 2 O 3 and TiO 2 nanoparticles sus pended in wa ter, and ex pressed that the con vec tive heat trans fer co ef fi cient is 12% smaller than that of pure water at 3% vol ume frac tion. Wen and Ding [9] re ported ex per i men tal re sults for the Al 2 O 3 wa ter based nanofluid flow ing through a tube in lam i nar re gime. They found that a sig nif i cant enhance ment in con vec tive heat trans fer co ef fi cient with in creas ing Reynolds num ber and volume frac tion. Heris et al. [10] in ves ti gated lam i nar flow of CuO + wa ter and Al 2 O 3 + wa ter nanofluids, re sults showed that the heat trans fer co ef fi cient en hanced with in creas ing volume frac tion and Peclet num ber. Buongiorno [11] re ported the con vec tive heat trans fer de pends on Brownian dif fu sion and thermophoresis and de vel oped cor re la tion based on them. Hence an at tempt is made through this pa per to pres ent the cor re la tions to eval u ate the var i ous thermophysical and heat trans fer prop er ties of nanofluids.
Ther mal prop er ties of nanofluids
The ther mal con duc tiv ity mea sure ment of nanofluids was the main fo cus in the early stages of nanofluid re search. Re cently, stud ies have been car ried out on the heat trans fer co ef ficient of nanofluids in nat u ral and forced flow. Most stud ies car ried out to date are lim ited to the ther mal char ac ter iza tion of nanofluids with out phase change (boil ing, evap o ra tion, or con densa tion). How ever, nanoparticles in nanofluids can play a vi tal role in two-phase heat trans fer sys tems, and there is a great need to char ac ter ize nanofluids in boil ing and con den sa tion heat trans fer. Das et al. [12] ini ti ated ex per i ments on the boil ing char ac ter is tics of nanofluids. In any case the heat trans fer co ef fi cient de pends not only on the ther mal con duc tiv ity but also on other prop er ties such as the spe cific heat, den sity, and dy namic vis cos ity of a nanofluid which are discussed. Some of the prop er ties of nanoparticles and base flu ids are listed in tab.1 use ful for assess ing the nanofluid prop er ties. 
Ta ble 1. Thermophysical prop er ties of nanoparticle and base flu ids

Den sity
The den sity of a nanofluid can be cal cu lated by us ing mass bal ance as:
For typ i cal nanofluids with nanoparticles at a value of vol ume frac tion less than 1%, a change of less than 5% in the fluid den sity is ex pected.
Spe cific heat
The spe cific heat of a nanofluid can be cal cu lated by us ing en ergy bal ance as:
Us ing these equa tions, one can pre dict that small de creases in spe cific heat will typ ically re sult when solid par ti cles are dis persed in liq uids. For ex am ple, add ing 3 vol.% Al 2 O 3 to wa ter would be pre dicted to de crease the spe cific heat by ap prox i mately 8% com pared with that of wa ter alone. The sim ple equa tions above may need to be mod i fied if nanoparticles are found to ex hibit a size-de pend ent spe cific heat.
Vis cos ity
Wang et. al. [3] mea sured the vis cos ity of wa ter-based nanofluids con tain ing Al 2 O 3 nanoparticles dis persed by dif fer ent dis per sion tech niques and showed that nanofluids ex hibit lower vis cos i ties when the par ti cles are better dis persed. They also showed an in crease of ~30% in vis cos ity at 3 vol.% Al 2 O 3 , com pared with that of wa ter alone. How ever, the vis cos ity of the Al 2 O 3 /wa ter nanofluids pre pared by Pak & Cho [8] was three times higher than that of wa ter.
Wang et. al. [3] gave a cor re la tion as fol lows. For Al 2 O 3 + wa ter:
For Al 2 O 3 + eth yl ene gly col:
Pak and Cho [8] cor re la tion for the vis cos ity of nanofluids as fol lows. For Al 2 O 3 + wa ter:
For TiO 2 + wa ter:
Chen et. al. [13] cor re la tion for the vis cos ity of TiO 2 + eth yl ene gly col as fol lows. For TiO 2 + eth yl ene gly col:
2 ) (7) For Cu + wa ter: Kulkarni et. al. [ 14] pre sented the cor re la tion for the vis cos ity of CuO + wa ter as follows: In the pres ent work the above equa tions are used wher ever nec es sary and found to be nearer to ex per i men tal data avail able in the lit er a ture.
Ther mal con duc tiv ity mod els
Many the o ret i cal and em pir i cal mod els have been pro posed to pre dict the ef fec tive ther mal con duc tiv ity of nanofluids and are pre sented in graph i cal form as shown in fig. 1 . It is found that the pre dicted val ues of var i ous mod els are far less than ex per i men tal ob ser va tions. Hence pres ent work is aimed at de vel op ing a suit able cor re la tion to pre dict the ther mal con ductiv ity of nanofluids.
Pres ent model for ther mal con duc tiv ity
Jang et. al. [20] found that the Brownian mo tion of nanoparticles at the mo lec u lar and nanoscale level is a key mech a nism gov ern ing the ther mal be hav ior of nanofluids. They the o reti cally de rived a model which con sid ers ef fect of the con cen tra tion, tem per a ture, and nanoparticles size.
Thus from the above anal y sis one can con clude that the ther mal con duc tiv ity of a nanofluid, k nf , is a func tion of:
These vari ables can be grouped and can be ex pressed in non-di men sional terms as: There fore, the cor re la tion can be ex pressed as:
The data avail able in the lit er a ture for dif fer ent nanoparticle sizes at dif fer ent vol ume frac tion and at dif fer ent tem per ature is used to eval u ate the con stants. Using non lin ear re gres sion anal y sis the constants are ob tained as p = 0.175, q = 0.05 and r = 0.2324. Fur ther the con stant c for dif fer ent nanofluids is listed in tab. 2. The cor re la tions de vel oped suits the data with a max i mum av er age de vi a tion of 2% and stan dard de vi a tion of 4%.
The above equa tion takes care of di ame ter of the nanoparticle, con cen tra tion, and tem per a ture ef fects. The cor re la tions give good agree ment with the ex per i men tal results as shown in fig. 2 .
Con vec tive heat trans fer char ac ter is tics of nanofluids
Con vec tive heat trans fer anal y sis of nanofluid flow ing in side a straight tube of cir cu lar cross-sec tion un der lam i nar and tur bu lent con di tions is taken up. The flow and the ther mal field are as sumed sym met ri cal with re spect to the ver ti cal plane pass ing through the main axis. Further there ex ists no for mu lated the ory known to date that could rea son ably pre dict the flow and heat trans fer be hav iors of a nanofluid by con sid er ing it as multi-com po nent model. There fore, it has been sug gested that the par ti cles may be eas ily fluidized and con se quently, can be con sidered as con ven tional sin gle-phase fluid, which pos ses ef fec tive phys i cal prop er ties be ing function of the prop er ties of both con stit u ents and their re spec tive con cen tra tions (Pak and Cho [8] ; Xuan and Li [7] ). As a re sult, a di rect ex ten sion from a con ven tional fluid to nanofluid ap pears fea si ble, and one may then ex pect that the clas si cal the ory de vel oped for a con ven tional single-phase fluid can be ap plied to nanofluid as well. Thus, all the equa tions of con ser va tion (mass, mo men tum, and energy) as well known for single-phase fluid can be directly applied to nanofluids.
(1) Pres ent cor re la tion for Cu + H 2 O (d = 100 nm), (2) Pres ent cor re la tion for Al 2 O 3 + eth yl ene glycol (d = 38.4 nm), (3) Pres ent cor re la tion for Al 2 O 3 + H 2 O (d = 38.4 nm), (4) Pres ent cor re la tion CuO + H 2 O (d = 23.6 nm); (5) Pres ent cor re la tion Ti 2 O + H 2 O (d = 34 nm), (6) Pres ent cor re la tion Ti 2 O + eth yl ene gly col (d = 34 nm)
How ever, J. Buongiorno [11] pro posed Brownian dif fu sion and thermophoresis effects for the en hance ment of heat trans fer co ef fi cient of nanofluids as:
Tur bu lent flow
Maiga et. al. [21] con sid ered the tur bu lent con vec tion and ob tained the Nusselt number by us ing com pu ta tional fluid dy nam ics (CFD) based k-e model ap ply ing ge netic al go rithm as: 
Pak and Cho [8] and Xuan and Li [7] has de vel oped cor re la tions of a form sim i lar to that of well known Dittus-Boelter for mula to char ac ter ize nanofluids heat trans fer. Pak and Cho [8] and Xuan and Li [7] pro posed cor re la tion for the cal cu la tion of nanofluid Nusselt number as given in eqs. (19) and (20) . In these cor re la tions the Reynolds num ber and Prandtl numbers are cal cu lated by con sid er ing the base fluid prop er ties which will give un der es ti mate results com pared with ex per i men tal val ues. 
Hence in this pa per, the above "sin gle phase fluid" ap proach is adopted to study the ther mal be hav iors of nanofluids. The thermophysical prop er ties of the nanofluid it self are consid ered while eval u at ing the non di men sional num bers. The con vec tive heat trans fer co ef fi cient and Nusselt num ber are re lated as:
The heat trans fer co ef fi cient of tur bu lent flow through cir cu lar tube can be cal cu lated from equa tion in the fol low ing form:
where Re nf and Pr nf as de fined as:
Pr nf
The Nusselt num ber data of the nanofluids ob tained from [4] [5] [6] [7] is sub jected to non-linear re gres sion anal y sis and the con stant "a" is ob tained as 0.0256 for Al 2 O 3 + H 2 O and 0.027 for Cu + H 2 O Nanofluids. Thus the cor re la tions for cal cu la tion of Nusselt num ber are de vel oped as fol lows with an av er age de vi a tion of 5% and stan dard de vi a tion of 6.4%: 
The above equa tion takes care of di am e ter of the nanoparticle, con cen tra tion, and temper a ture ef fects. The cor re la tions give good agree ment with the ex per i men tal re sults as shown in figs. 3 and 4. The val ues of Re nf and Pr nf are to be cal cu lated us ing the prop er ties of nanofluids as de vel oped and pre sented in eqs. (5), (12), (23), and (24). The con stant b is eval u ated from the re gres sion anal y sis of the data ob tained from [8, 9] and cal cu lated as 1.98. Thus the cor re la tion for cal cu la tion of Nusselt num ber for lami nar flow are de vel oped as fol lows with an av er age de vi a tion of 6% and stan dard de vi a tion of 7.4% for all nanofluids: 
The cor re la tion gives good agree ment with the ex per i men tal re sults as shown in the fig.  5 . The val ues of Re nf and Pr nf are to be cal cu lated us ing the prop er ties of nanofluids as de vel oped and pre sented in Ther mal prop er ties of nanofluids and Pres ent model for ther mal con duc tiv ity. The vari a tion of Nusselt num ber with re spect to Reynolds num ber, vol ume frac tion, and L/D ratio are pre sented in graph i cal form as shown in fig. 6(a-d) .
Con clu sions
· Correlation to calculate thermal conductivity and heat transfer coefficient of various nanofluids are presented. 
